Introduction
Process intensification is a promising development for the chemical process industry, aiming at better production efficiency, yielding lower costs, enhanced safety and reduced environmental pollution [1] . In this context intensified technologies for continuous reactors are researched and developed. Our previous works [2] have demonstrated the potential of a new type of intensified reactor, the Centrifugal Partition Reactor (CPR), to operate a continuous two phase enzymatic esterification. The CPR is based on the use of a conventional Centrifugal Partition Chromatographic apparatus (CPC) [3] . The system consists in a series of twins cells engraved on a disk and connected in cascade by ducts (Fig.1) . Disks are stacked to form a column called "rotor". This latter is rotated and is submitted to a constant centrifugal field [3] . In this case the stationary phase is the aqueous phase which contains the enzyme while the organic phase contains hydrophobic substrate. In our previous work [2] , esterification of oleic acid by butanol was tested as a model reaction, using lipase from Rhizomucor miehei as the catalyst. Oleic acid conversion of up 85% was obtained and maintained during 30 h of continuous operation. These results were better than those obtained for continuous lipase esterification using different process intensification technologies [2] . The productivity of CPR was shown to be two fold higher (40.5 g.L . h −1 ) [2] . In this previous work influence of parameters was studied and allowed demonstrating that the CPR device compares with a conventional agitated batch reactor for operation of an enzymatic reaction in a two phase system [2, 4] . Influence of CPR operating conditions upon conversion of oleic acid was also assessed. Especially, ⁎ Corresponding authors.
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T an unexpected negative influence of the rotation speed was pointed out. This result was indeed related to our specific operational procedure where the CPR is hydrodynamically equilibrated at the highest flowrate and lower rotation speed [2] . In this case, increasing rotation speed is likely to lead to a decrease of interfacial area, which causes lower performance, as the global kinetics are directly related to the interfacial area. Note that, similarly, diminution of conversion at higher rotation speed was also observed for other types of centrifugal reactors [5, 6] . Nevertheless, further studies are necessary to better understand hydrodynamics of the CPR device and especially interfacial area, an important parameter for interface catalyzed enzymatic reactions. Also, conversion was reported to decrease when mobile phase flow rate is increased because of the decrease of the residence time [2, 4] . In our previous works [7] upon so-called "dynamic mixing intensified reactors" (Corning reactor, Chart reactor…) opposite results were observed. Detailed description of dynamic mixing reactors can be found in [7] . Indeed, in the case of dynamic mixing intensified reactors, at high flow rate, the negative effect of the residence time reduction is compensated by higher mass transfer and interfacial area. This globally results in a weak influence of the mobile phase flow rate on conversion performance. In the CPR device this levelling off effect was not observed [2] , indicating that mass transfer and interfacial area are probably independent from the mobile phase flow rate. In order to better understand the influence of this parameter on conversion performance and to "optimize" the choice of reaction operating conditions, the present study proposes to evaluate the values of the specific interfacial area in the CPR and to assess the influence of mobile phase flow rate. This can be done from modelling of the reactor, with the knowledge of the enzymatic kinetics. Applying this modelling to a set of experimental conversion data enables indeed to determine the interfacial area. After this value is known, modelling can also be a useful tool to predict the influence of other parameters, such as substrate or enzyme concentration, and allows optimization of the reactor operation.
Experimental part

Materials
As mentioned in previous work [2] the R. miehei lipase was from Sigma Aldrich (Saint Quentin Fallavier, France). Lipase activity (918 AU mL
) was spectrophotometrically determined by following the hydrolysis of p-nitrophenyl butyrate (pNPB) at 405 nm [2] . Oleic acid (purity 95%), heptane, n-butanol, were obtained from Fisher Scientific (Illkirch, France).
Batch reactor and CPR experiments
To identify kinetic parameters of the esterification reaction model used here, reactions were conducted using an agitated glass reactor (200 mL), equipped with a four-blade turbine impeller. The operating method of batch reactions was previously described [2] . In order to evaluate the impact of various parameters (substrates and enzyme concentrations) on initial reaction rate the operating conditions were: aqueous/heptane (70/30 v/v) two phase mixture, n-Butanol: 0.01-0.4 mol.L For CPR experiments, data correspond to experiments reported in our previous work [2] . They were performed in a CPC-250-F apparatus, manufactured by Armen Instrument (Saint-Avé, France). The column consists of 21 disks stacked to form a column called rotor (Fig. 1) . The disks are composed of 90 twin cells of 100 μL for each cell linked by ducts. The total volume (cells and ducts) is 200 mL. The liquid system used for batch and reactor experiments is composed of an organic phase of heptane with n-butanol and an aqueous phase at pH 5.6. The two phases were equilibrated (shaken three times a few seconds in a glass flask at 22°C and less to the settle for 2 h) before use for experiments.
Modelling of the CPR steady state operation
The CPR can be considered as a plug flow reactor where interfacial area can be enhanced compared to the batch reactors. Indeed, due to the very high number of mixing cells (our CPR device is composed of 90 twin-cells, thus a total of 180 cells), very weak axial dispersion can be assumed in the mobile phase flow. Also, mass transfer towards interface is assumed to be non limiting.
This hypothesis is based on the comparison of characteristic times, as done by Kraai [4] . The characteristic time for reaction is in the range of a few tenths of minutes. Indeed, this characteristic time was evaluated as the one corresponding to about 65% conversion in the CPR obtained for a flow rate of 3.5 mL.mn −1 [2] . This flow rate value corresponds to a residence time of about 25 min. The mass transfer ), C 0 is the initial concentration of oleic acid (mol. m -3 ) in the mobile phase, X the reaction conversion rate in the CPR device. a CPR is the specific interfacial area in the CPR referred to the total volume of the CPR. The specific interfacial area a CPR must be introduced here because the kinetic of this type of enzymatic reactions is directly proportional to the interfacial area. So, the reaction rate v CPR has to be expressed per unit of interfacial area, in mol. m -2 s
. v CPR is determined by using equation of the Ping-Pong kinetic model with competitive inhibition by only one of the substrates (here the alcohol, at the conditions investigated in this study) [9, 12] .
As mentioned, because this kind of enzymatic reaction takes place at the interface, it is usually assumed that the global kinetics are the product of the intrinsic enzyme kinetics and the specific interfacial area [4, 13, 14] . Here, in the kinetic equation, we have used the values of parameters which were obtained from initial velocity experiments in a batch reactor with a given specific interfacial area a batch determined in Section 3. As already mentioned, the reaction rate v CPR has to be expressed per m 2 of interface in the equation of the CPR (Eq. (1)), thus it is obtained by the following equation (Eq. (2)) where the kinetic equation, referred to the volume of organic phase, is divided by a batch . So, in Eq. (2), v CPR is expressed in mole s ). In this equation, occurrence of a chemical equilibrium is accounted for by adding a term in the numerator in accordance with the Haldane equation [17, 18] . The value of the equilibrium constant of the reaction expressed in concentration, K eq , was estimated as K eq = 78 from experimental conversion values at equilibrium given in our previous works [15] . C enz is the lipase concentration in the aqueous phase (g.L −1 ) of oleic acid, n-butanol, butyl ester and water in the organic phase, respectively. Indeed, previous studies have indicated that the enzymatic reaction takes place at the interface of the organic and aqueous phase where the active site of the lipase is oriented towards the organic phase [4, 13, 16] . Thus, only substrates dissolved in the organic phase can be converted.
To calculate reactant and product concentrations in the organic phase, a mass balance equation at phase equilibrium was used. The oleic acid (OA) concentration (mol. m −3 ) is thus given by Eq. (3):
This assumes that oleic does not partition because its solubility in the aqueous phase is negligible. n 0A is the initial intake of oleic acid (mol), V org is the organic phase volume (m 3 ) and X the conversion.
Because n-butanol (BU) partitions between the two phases, its concentration is defined by Eq. (4):
where n BU and n OA are the initial number of moles of n-butanol and oleic acid, respectively (mol), V org is the volume of organic phase m 3 ), V aq the volume of the aqueous phase (m 3 ) and m is the partition coefficient of n-butanol expressed as the ratio of the butanol concentration in heptane by its concentration in the aqueous phase. Value of the partition coefficient was taken as m = 3.7 from our previous works [15] .
For butyloleate [BO] the concentration can be calculated from oleic acid conversion by Eq. (5) as follows:
This assumes again that the ester does not partition because it is indeed more hydrophobic than oleic acid.
The concentration of water in the organic phase [H 2 O] was assumed to be constant and equal to its saturation value in the organic phase (considered as a constant whatever the concentration of the other compounds). Indeed, the large amount of water of the aqueous phase maintains the saturation of the organic phase. This saturation value was taken as 5 mol·m −3 [19] .
Kinetic modelling in batch reactor
The experimental initial reaction rate of esterification in the batch reactor was obtained by linear regression of experimental data over the first 10 min (concentration of products as a function of time). The values of kinetic parameters were determined by sum squared errors minimization between experimental and calculated data from the kinetic model. Concentrations in the organic phase were computed as described in the preceding paragraph (Eqs. (3)- (5)). This procedure was carried out using the solver tool of the Microsoft Excel 2007 spreadsheet.
Determination of interfacial area in batch reactor
For a typical reaction condition constituted of 0.032 mol.L −1 of oleic acid and 0.096 mol.L −1 of n-butanol in 30 mL of heptane and 1 g.L -−1 of enzyme in 100 mL of aqueous phase, the two phases were mixed for 15 min in the batch reactor at 800 impeller rotation speed. After mixing, a sample of organic phase was withdrawn and placed on a slide for observation with a microscope. Manual counting of droplets of each diameter class was done from photographs. This made possible to compute the Sauter mean drop size diameter (d s ) using the Eq. (6):
where Ni represents the number of droplets and di is the diameter (m) of droplets.
Results and discussion
Determination of the kinetic parameters of esterification of oleic acid with n-butanol by R. miehei lipase
Kinetics of this reaction have been already studied by Kraai et al. [4] but a different value of the partition coefficient m had been taken (m = 1.83, experimentally determined at 30°C). Because this value influences the value of the kinetic constants, a particular study was devoted here to the evaluation of the intrinsic kinetic parameters of the model reaction. For this purpose, enzymatic reaction experiments were characteristic time was obtained from the value of the volumetric mass transfer coefficient (k o a). From the study of Marchal et al. a value of (k o a) in the range of 0.02-0.4 s −1 was estimated [8] . So, mass transfer characteristic time is low (2.5-50 s) compared to the reaction characteristic time and this validates our hypothesis. The reactor was modelled using the conventional equation for an ideal plug flow reactor (eq. 1):
carried out in a batch reactor at room temperature (22°C) as described in Material and Methods.
First the influence of the enzyme concentration (from 0.1 g.L −1 to 10 g.L -1 ) was studied in order to determine the optimal enzyme concentration for the following study (Fig. 2) . Indeed, it is well known that lipase activity varies as a function on enzyme concentration and on the ratio of free available interfacial area [9] [10] [11] . Thus, to optimize the conversion rate, value of lipase concentration that yields at interface saturation for the operating interfacial area must be determined. This has been done for two rotation speeds (Fig. 2) . At these operating conditions the conversion increases and tends to a "plateau". This behaviour was already reported in the literature for lipase-catalyzed reactions [9] [10] [11] and corresponds to saturation of the interface by the enzyme molecules.
So, to avoid operation on the saturation plateau whatever the rotation greater than 800 rpm, (Fig. 2) , an enzymatic concentration of 1 g.L −1 was chosen to study the influence of substrate concentrations on the kinetic study. We chose a rotation speed of 800 rpm because it proved to be more suitable for the visual determination of interfacial area of the batch reactor (see paragraph 2.5).
To study the occurrence of substrate inhibition, the effect of the initial concentration of both n-butanol (from 0.03 mol.L ) on the initial reaction rate were investigated (Fig. 3A and 3B) . The initial reaction rates referred to the volume of organic phase (moles of butyl oleate.L ) were obtained from the slope of the linear portions of the experimental oleic acid concentration values versus time. As shown in Fig. 3A at higher n-butanol concentrations the initial reaction rate reaches a maximum around 0.1 mol.L −1 and at higher concentrations the initial reaction rate decreases. This behaviour indicates that enzyme inhibition by alcohol takes place in accordance with the mechanism of lipases catalysed reactions [4, 9] . For oleic acid, at the conditions investigated, no inhibition was evidenced (Fig. 3B) .
Esterification of fatty acids with alcohols using lipase was modelled using the Ping Pong Bi-Bi mechanism [4, 9, 20, 21] . Thus, using nonlinear regression, the initial reaction rates were fitted to the kinetic equation of this model given by eq. 7:
where v init is expressed per unit of organic phase volume (mol. L org.
The identified kinetic parameters are shown in Table 1 . Note that value for K enz is referred to aqueous phase volume while all other constants are referred to organic phase volume. The kinetic constants found in this study are in the same range than values reported by Kraai et al., in 2008 [4] . To predict the initial reaction rate using Eqs. (3)- (5) and (7) were used. The calculated data are presented in Fig. 3A and 3B. The average error between calculated and experimental initial reaction rate was 22%.
Determination of the specific interfacial area in the batch reactor
As we mentioned in paragraph 2.5, Eq. (2) needs the knowledge of the specific interfacial area of the batch reactor referred to the organic phase volume, a batch (Eq. (8)). This value can be obtained from the knowledge of the mean diameter of the droplets. 
Where d s the Sauter mean droplet diameter (m). From analysis of pictures and Eq. (7), the mean drop size diameter in batch reactor was estimated at 425 μm. Thus, at our experimental conditions, the specific interfacial area in our stirred batch reactor (at 800 rpm) is computed by Eq. (8) , referred to the organic phase volume (Fig. 4) . According to Albasi et al., droplet diameters for similar conditions for lipase reaction in tank reactor were observed in the same range [22] .
Determination of specific interfacial area in continuous operation of the Centrifugal Partition Reactor
The conversion values for different experiments at 0.5 g.L −1 enzyme concentration are given in Table 2 . Reaction conditions: n-butanol to oleic acid ratio = 3 (mol/mol), 1 g L −1 of lipase concentration, 800 rpm agitation. T = 22°C. Experimental data are represented by black squares and calculated data based on the kinetic model (Eq (7)) by white squares. The average error between calculated and experimental data was 22%. It is seen that conversion decreases when mobile flow-rate is increased because of the reduction of the residence time in the continuous reactor.
From experimental data of conversion in the CPR used as a continuous plug flow reactor, using Eq. (2), the knowledge of the parameters of the kinetic equation now enables us to determine the values of the specific interfacial area of the CPR (referred to the total volume of the reactor), a CPR , because it is the only unknown variable. Results are reported on Fig. 5 . It is observed that specific interfacial area is very similar for all values of the mobile phase flow-rate (around 15,360 m 2 m −3 ). These results also indicate clearly that the specific interfacial area is not dependent from the mobile phase flow, which is a striking difference compared to "dynamic mixing intensified reactors" such as Corning or Chart reactors, as we mentioned in the introduction. Indeed, CPR compares rather with the NiTech Technology (tubular reactor including annular-baffles), where the pulsation is the main actor on diphasic hydrodynamics inside the reactor [24, 25] . Detailed description of the NiTech reactor can be found in [7] . Note also that the value of the specific interfacial area is rather high and confirms the efficiency of this type of reactor when interfacial area is a key parameter [11] . As a comparison Adelmann et al. evaluated the interfacial area of a CPC device in various solvent systems [23] . They reported a value of the specific interfacial area, referred to the total CPR cell volume, between one and two thousands of m 2 . m −3 .
Conclusion
This study has established a simple modelling of the operation of an enzymatic esterification in a CPR (a CPC device used as a reactor) based on the equation of an ideal plug flow reactor, assuming two very probable hypotheses: i) negligible axial dispersion ii) negligible mass transfer resistance. Such a modelling requires the knowledge of the intrinsic enzymatic kinetics that can be obtained from initial velocity studies in the literature or, if not available, issued from preliminary experimental works in a conventional batch reactor. We performed here such preliminary experiments to identify the kinetic constants. To do so, the value of the partition coefficient of partitioning species, here only the butanol, must be known and was taken from our previous works [15] .
The specific interfacial area in the CPR is a critical parameter that was estimated here from a set of experimental conversion values at different flow rates, using the modelling proposed in this work. The specific interfacial area was shown to be high (around 15,000 m
and also to be almost independent of the flow rate. So, this value can be used for any other conditions of flow rate or initial concentrations, provided that retention and rotation speed are kept constant. This is an important result which characterizes this type of intensified reactor and highlights the difference with so called "dynamic intensified reactors". Also, knowledge of interfacial area generated in this device gives access to optimization and better understanding of its operation as a novel intensified two phase enzymatic reactor. Indeed, this study, originally aimed at a better knowledge of this new type of reactor, proved also to be useful, when intrinsic kinetics are available, as an indirect way to estimate the specific interfacial area in such centrifugal systems. Note that this estimation of the specific interfacial area value remains valid for a more conventional use of this apparatus as a chromatographic device. Such estimation of specific interfacial area was not yet available as only the volumetric mass transfer coefficient, k L a, had been studied in the literature. In the volumetric mass transfer coefficient, the specific interfacial area, a, is not uncoupled from the mass transfer coefficient, k L [8, 23] while only the value of the specific interfacial area is of importance for operation of interface catalyzed enzymatic reactions because it is directly related to the amount of effective biocatalyst in the system. , rotation speed 800 rpm. CPR is operated at controlled room temperature (22°C). Experimental data of conversion obtained in the CPR correspond to experiments reported in our previous work [2] . 
